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This study comprises a first functional analysis of an YPD1-homologue in filamentous phyto-
pathogenic fungi and its role in the HOG signalling pathway. We generated a gene deletion
mutant of the gene MoYPD1 in Magnaporthe oryzae and characterized the resulting mutant
strain. We have shown that MoYpd1p is a component of the phosphorelay system acting in
the HOG pathway due to its Y2H protein interaction with the HKs MoHik1p and MoSln1p as
well as with the response regulator MoSsk1p. Fungicidal activity of fludioxonil was reported
to be based on the inhibition of MoHik1p resulting in hyperactivation of the HOG signalling
pathway and lethality. Western analysis proved that both, osmotic stress and fludioxonil ap-
plication resulted in the phosphorylation of the MoHog1p in a MoYpd1p-dependent manner.
We therefore consider MoYpd1p to be essential for the regulation capability of the HOG path-
way and the fungicide action of fludioxonil, but dispensible for viability. The results indicate
thatMoYpd1p functions as signal transfer protein betweenMoSln1p,MoHik1p, andMoSsk1p.
Manipulations of the HOG signalling pathway affects the infection-relatedmorphogenesis in
M. oryzae, since themutant strainDMoypd1has awhite andfluffy phenotype on completeme-
dia, is not able to form spores in various conditions and fails to colonize rice plants.
ª 2015 The Authors. Published by Elsevier Ltd on behalf of The British Mycological Society.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).Introduction Since they are not able to escape unfavourable environ-In order to adapt to rapidly changing environmental condi-
tions, fungi have to sense osmolytes and respond immedi-
ately by the accumulation of osmotic active metabolites.21.
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MoYPD1 in the HOG pathway of Magnaporthe oryzae 581changes and adjust their cellular homeostasis to retain effec-
tive host penetration.
The phytopathogenic filamentous ascomyceteMagnaporthe
oryzae (M. oryzae, anamorph: Pyricularia oryzae (Couch & Kohn
2002)) is known as the causal agent of rice blast disease re-
sponsible for crop losses up to 30 % of the global rice yield ev-
ery year (Ou 1985; Talbot 2003). Nearly a quarter of humankind
depends on calories of this common crop and therefore it is
necessary to elucidate the biology of the rice blast fungus for
novel alternative disease control strategies. Fungal pathogens
have evolved sophisticated strategies to initially attach to and
subsequently infect and colonize their host plants. These pen-
etration and colonization processes often involve uniquemor-
phological changes. Themolecular mechanisms of initial host
plant recognition have been subject of many investigations
(Dean et al. 1996; Gilbert & Dean 1996; Talbot 2003; Wang
et al. 2005). However, molecular and physiological processes
upon plant penetration and in planta growth are insufficiently
understood. New insights into fungal development and differ-
entiation in different environments, particularly in planta will
result in a profound knowledge concerning the basis of
plantemicrobe interaction.
It is essential for pathogenic fungi to detect and adapt
quickly to changing conditions of the microenvironment dur-
ing host penetration. Upon invasion of the plant, M. oryzae
needs to respond to a series of environmental stresses and
plant defence mechanisms. Hypersensitive response (oxida-
tive burst) is a plant defence mechanism against fungal infec-
tions with local accumulation of H2O2 (reactive oxygen
species, ROS; Wojtaszek 1997). In addition, fungi are exposed
to increasing concentrations of salts and osmolytes due to
the accumulation of degradation products of dead plant tis-
sue. The osmotic imbalance inside the host is a major chal-
lenge and the pathogen has to adapt itself to these
conditions for a successful invasion of plant tissues. As a reac-
tion to osmotic stress,microorganisms accumulate intracellu-
lar osmolytes (for example glycerol) in order to balance
external and internal osmotic pressurewithout losing homeo-
stasis (Kempf & Bremer 1998; Burg & Ferraris 2008). Further-
more, osmotic stress affects many physiological processes in
living cells. In the eukaryotic model organism Saccharomyces
cerevisiae (S. cerevisiae), osmotic pressure causes cytoskeletal
reorganization (Chowdhury et al. 1992), alteration of ion ho-
meostasis (Niu et al. 1995), changes in cell wall dynamics
(Hughes et al. 1993), cell cycle arrest and metabolic adjust-
ments (Nordlander et al. 2008). Osmotic imbalance was also
found to strongly affect gene expression profiles in yeast
(Hohmann 2002). Consequently, there is a need for a rapid
and sensitive signalling system to detect osmotic stress and
respond in an appropriate manner. Such a signalling system
in fungi is the high osmolarity glycerol (HOG) pathway.
TheHOGpathway is oneof themost intensively studied sig-
nalling pathways in yeast (Hohmann 2002; Krantz et al. 2006a).
It consists of a sensory phosphorelay systemand a subsequent
mitogen activated protein kinase (MAPK) cascade. MAPK cas-
cades are ubiquitous in eukaryotic systems and are composed
of three sequentially acting kinases. TheMAPkinase kinase ki-
nase (MAPKKK)phosphorylatesandtherebyactivatesaMAPKK
which subsequently activates a MAPK. Such signalling cas-
cades provide multiple steps for regulating and controllingsignalling processes. Among the control elements upstream
of the MAPKmodules, two-component phosphorelay systems
are common in fungi. The phosphorelay system is the diversi-
fication to the bacterial two-component system. Most of the
eukaryotic phosphorelay systems in yeasts, filamentous fungi
and plants have three components: a two-component sensor
hybrid histidine kinase (HK), a histidine-containing phospho-
transfer protein and a response regulator (Catlett et al. 2003).
High osmolarity in yeast is detected and transduced via the
Sln1p-Ypd1p-Ssk1p phosphorelay system thereby activating
the MAPK cascade Ssk2p-Pbs2p-Hog1p, which initiates the
physiological stress response (Hohmann 2002).
Sln1p is a transmembrane two-component hybrid HK with
homology to bacterial two-component signal systems. Down-
stream of Sln1p, the phosphotransfer-protein Ypd1p is be-
lieved to be linked to the response regulator Ssk1p (Posas
et al. 1996). TheMAPKmodule is composed of theMAPK kinase
kinase Ssk2p, the MAPK kinase Pbs2p and the MAPK Hog1p
(Maeda et al. 1994). In S. cerevisiae the HOG pathway incorpo-
rates two independent signalling branches, the Sln1-branch
and the Sho1-branch, which sense osmotic changes in differ-
ent ways (De Nadal et al. 2002; O’Rouke et al. 2002; Krantz
et al. 2006b). Whereas the Sho1-branch appears to be dispens-
able for osmosensing the Sln1-branch is of importance
(O’Rouke et al. 2002). In Yeast, Sln1p comprises one N-terminal
transmembranedomain, a cytoplasmicHKdomainanda cyto-
plasmic receiver domain. Under normal environmental condi-
tions, Sln1p is autophosphorylated at its histidine residue in
the HK domain and the phosphate is translocated within the
protein to an aspartate residue in the receiver domain. The
phosphate is further transferred to Ypd1p and subsequently
assigned to an aspartate residue of the response regulator
Ssk1p (Posas et al. 1996; Wurgler-Murphy & Saito 1997; Saito
2001). Phosphorylation prevents Ssk1p from interacting with
the MAPK kinase kinase Ssk2p and thus the MAPK module
Ssk2p-Pbs2p-Hog1p remains inactive. Hyperosmotic condi-
tions inhibit and thereby dephosphorylate Sln1p. Subse-
quently phosphate transfer mediated by Ypd1p is
consequently reduced and the cytoplasmic level of dephos-
phorylated Ssk1p increases. Dephosphorylated Ssk1p is able
to bind Ssk2p thereby initiating the MAPK cascade Ssk2p-
Pbs2p-Hog1p (Posas & Saito 1997; Posas & Saito 1998). The
resulting phosphorylated Hog1p has several targets within
the cell, for example activation of transcription factors for re-
cruitment of histone-acetylases (Proft et al. 2001; Proft &
Struhl 2002), the protein kinases Rck1p and Rck2p (Bisland
et al. 2004), the histone deacetylase Rpd3p (De Nadal et al.
2004) and the metabolic regulatory enzyme Pfk26p (Dihazi
et al. 2004). Deactivation of the pathway is conferred by de-
phosphorylation of Hog1p by the serine/threonine phospha-
tases Ptc1p, Ptc2p, and Ptc3p (Warmka et al. 2001) and the
tyrosine phosphatases Ptp2p and Ptp3p (Jacoby et al. 1997). Un-
derphysiological conditions this deactivation is essential since
constitutive Hog1p activation is lethal to the fungus.
HOG signalling in S. cerevisiae appears rather simple com-
pared to the more complex signalling system in filamentous
pathogenic fungi. The signallingmechanisms of the upstream
activators acting on theMAPK cascade and themechanisms of
dephosphorylation of the HKs and the response regulators are
yet not well understood (Yoshimi et al. 2005). Whereas Sln1p is
582 S. Jacob et al.the sole HK in S. cerevisiae, pathogenic filamentous fungi like
Botryotinia fuckeliana (anamorph: Botrytis cinerea) [17 HKs],
Mycosphaerella graminicola (anamorph: Zymoseptoria tritici) [17
HKs] andM. oryzae [10 HKs] have multiple HK encoding genes,
which can be classified into eleven groups (Catlett et al. 2003;
Tanaka & Izumitsu 2010). Although the HKs seem to have cru-
cial functions in signalling for pathogens, there have been
only a few studies concerning functional analysis of two-
component hybrid HK genes in pathogenic fungi including
the group III HK (i.e. MoHik1p of M. oryzae) (Alex et al. 1996;
Nagahashi et al. 1998; Yoshimi et al. 2005) or the group VI HK
(i.e. MoSln1p of M. oryzae) (Zhang et al. 2010). Furthermore,
there are reports about the regulatory effects of Magnaporthe
MoSsk1p as part of the phosphorelay system in the HOG path-
way (Motoyama et al. 2008). Additional components of the
phosphorelay system in M. oryzae have not yet been
characterized.
The commercial fungicide fludioxonil was found to target
the HOG signalling pathway by interference with the group
III HKs in filamentous fungi, although the exact mechanism
of action is still not completely understood (Ochiai et al.
2001; Cui et al. 2002; Yoshimi et al. 2004; Motoyama et al.
2005; Tanaka & Izumitsu 2010). However, the HOG pathway
and the phosphorelay system are excellent candidates for
fungicide targets due to the fact that HKs are absent in mam-
mals (Watanabe, et al. 2008). In S. cerevisiae the function of
Ypd1p is well documented and has been shown to be essential
for viability (Xu et al. 2003). This was also shown to be the case
with ypd1 homologues in the filamentous fungi Aspergillus
nidulans (ypdA) and Neurospora crassa (hpt-1) (Banno et al.
2007; Vargas-Perez et al. 2007). It is known that its role in sig-
nalling differs from fungal species to species (Lee et al. 2011)
and the homologues to Ypd1p have not been subject of scien-
tific studies in filamentous phytopathogenic fungi to date.
In this study we give the first functional analysis of
MoYpd1p in the rice blast fungus M. oryzae (MGG_07173.7),
Magnaporthe comparative Sequencing Project, Broad Institute
of Harvard and MIT (http://www.broadinstitute.org/, (MG8)).
We describe the participation of MoYpd1p in the HOG signal-
ling pathway as mediator of osmotic stress and in the mode
of action of the phenylpyrrole fludioxonil. MoYpd1p appears
to transfer input signals from at least two HKs, MoSln1p (i.e.
salt stress) and MoHik1p (i.e. sugar stress) to the response reg-
ulator MoSsk1p, thereby contributing to control the HOG sig-
nalling pathway. MoYpd1p is essential for hyperactivating
the MoSsk2p-MoPbs2p-MoHog1p MAPK module by the fungi-
cide fludioxonil and environmental stresses like high osmolar-
ity or salt stress. We assume MoYpd1p to be connected with
physiological processes concerning conidiation, melanin bio-
synthesis or pathogenicity. This conclusion was drawn since
the mutant strain DMoypd1 fails to form spores, has a white
and fluffy phenotype and is unable to infect rice plants.Materials and methods
Strains, culture/growth conditions, and oligonucleotides
All mutants described in this study were generated fromMag-
naporthe oryzae (M. oryzae 70e15 strain (WT), Fungal GeneticsStock Centre, Kansas City, USA). The strains were grown at
26 C on complete medium (CM, pH 6.5, 2 % agar, containing
per litre: 10 g glucose, 1 g yeast extract, 2 g peptone, 1 g casa-
mino acids, 50 mL nitrate salt solution (containing per litre:
120 g NaNO3, 10.4 g KCl, 30.4 g KH2PO4, 10.4 g MgSO4  7
H2O) and 1mL of a trace element solution (containing per litre:
22 g ZnSO4 7 H2O, 11 g H3BO3, 5 gMnCl2 4 H2O, 5 g FeSO4 7
H2O, 1.7 g CoCl2 6 H2O, 1.6 g CuSO4 5H2O, 1.5 g Na2MoO4 2
H2O, 50 g Na2EDTA, pH 6.5 adjusted by 1 M KOH) (adapted and
modified from Talbot et al. 1993).
All oligonucleotides used in this study are listed in Table S1
and were obtained from Eurofins-MWG-Operon (Ebersberg,
Germany). All chemicals used were obtained from Sigmae
Aldrich (Munich, Germany) unless otherwise stated.
Identification and sequence analysis of HOG signalling
associated genes in Magnaporthe oryzae
Sequence analysis and comparison of the HOG signalling as-
sociated genes in theMagnaporthe oryzae genome (Magnaporthe
comparative Sequencing Project, Broad Institute of Harvard
and MIT (http://www.broadinstitute.org/, MG8)) were per-
formed by the basic local alignment search tool (http://
www.broadinstitute.org/annotation/genome/magnaporthe_-
comparative/Blast.html) withHOG signalling associated genes
of S. cerevisiae (http://www.yeastgenome.org/). Homologues of
yeast Sln1p (YIL147C), Ypd1p (YDL235C), Ssk1p (YLR006C),
Ssk2p (YNR031C), Pbs2p (YJL128C), and Hog1p (YLR113W)
were identified and named MoSln1p (MGG_07312), MoHik1p
(MGG_11174), MoYpd1p (MGG_07173), MoSsk1p (MGG_02897),
MoPbs2p (MGG_10268), and MoHog1p (MGG_01822). The con-
served protein domains were validated using BLAST algo-
rithms searching against the conserved domain database
(CDD) (http://www.ncbi.nlm.nih.gov/Structure/cdd/
wrpsb.cgiand). Expect value threshold was set to 0.01. Similar-
ity analysis was conducted using ‘blastp suite’ (NCBI, ‘scoring
parameters’ with matrix ‘BLOSUM62’). The prediction of
transmembrane helices was implemented with the TMHMM
Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM-2.0/).
In addition the results were validated using the ‘DAS’ trans-
membrane prediction server (http://www.sbc.su.se/wmiklos/
DAS/maindas.html).
DNA manipulations/construction of gene deletion/disruption
vectors
DNA of the Magnaporthe oryzaeWT was isolated from mycelia
of 3 day old liquid cultures (grown in CM at 26 C and 120 rpm)
using the DNeasy plant mini Kit (Quiagen GmbH, Hilden) fol-
lowing the manufacturer’s instructions for purification of
DNA from plants and filamentous fungi. DNA manipulation
procedures were followed standard procedures (Green &
Sambrook 2012). Escherichia coli XL1-BLUE strain (Stratagene)
was used for routinely bacterial transformations and con-
struction of plasmids.
Fungal transformations of M. oryzae were conducted using
Agrobacterium tumefaciens-mediated transformation (ATMT;
De Groot et al. 1998; Rho et al. 2001). The detailed procedures
followed those described previously (Odenbach et al. 2007).
The M. oryzae mutant strains were generated using
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gene, HPT; Odenbach et al. 2007) or a glufosinate-ammonium
resistance (modified bialaphos resistance gene, BAR; Kramer
et al. 2009) for interrupting respectively replacing parts of the
coding sequences of the target genes. For detailed informa-
tions of the deletion strategies as well as confirmations of suc-
cessful gene replacement respectively interruption, see the
supporting information (Fig S1).
Vegetative growth assays and fungicide resistance
Agar blocks of 0.5 cm diameter were cut from the outer growth
zone of cultures to be tested and placed onto freshly prepared
CM or Minimal medium (MM) agar plates (MM, pH 6.5, 2 %
agar, contains per litre: 1 g glucose, 50mL nitrate salt solution,
0.25 mL biotin-solution (0.01 %), 1 mL thiamindichloride solu-
tion (1 %) and 1 mL of a trace element solution) with different
stress inducing compounds. The cultures were grown for
10 d at 26 C and the colony diameterwasmeasured. The stan-
dard deviation is given out of three experiments with five rep-
licates each.
The assays concerning the influence of antifungal activity
of fungicides on vegetative growth of Magnaporthe oryzae and
the mutant strains were assessed after 7 d inoculation.
Western blot analysis of phosphorylated MoHog1p
Phosphorylation of the MAPK MoHog1p in Magnaporthe oryzae
was analysed by western blot analysis using an anti Phospho-
p38 MAPK (Thr180/Tyr182) (D3F9) XP Rabbit monoclonal an-
tibody (Cell Signaling Technology, Beverly, Massachusetts,
USA). Total Hog1p was detected using an anti-Hog1p antibody
(Santa Cruz Biotechnology). 5mL of CM liquidmediumwas in-
oculated with equal amounts of mycelium ofM. oryzae strains
in cell culture plates (6-well, Greiner bio-one, Kremsm€unster,
Austria). After 65 h incubation at 26 C and 120 rpm the cul-
tures were exposed to fludioxonil, NaCl or sorbitol on a shaker
for 10 min at room temperature (RT). The cell suspensions
were centrifuged at 2900 g for 10 min at 4 C. The supernatant
was discarded and 300 mL of SDS-loading dye (10mMTriseHCl
pH 6.8, 2.0 % SDS, 5 % glycerol, 0.1 M dithiothreitol, 0.01 %
bromphenol blue) were added to the mycelium and heated
to 100 C for 10 min. In order to break cell walls, glass beads
were used in the Ribolyzer Fast Prep FP120 (Thermo Savant, Ill-
kirch, France) for 30 s at 6.0 Hz followed by a centrifugation
step for 5 min at 11 500 g. Equal amounts of the supernatant
of the individual sample were separated by SDS-
polyacrylamide gel electrophoresis and blotted on anitrocellu-
lose transfer membrane (Roti-NC, Carl Roth GmbH, Karls-
ruhe, Germany) using electrophoretic transfer (Mini Trans-
Blot Electrophoretic Transfer Cell, Bio-Rad Laboratories,
Munich, Germany). Western immunoblotting was carried
out with the Phototope-HRP Western Blot Detection System
(Cell Signaling Technology, Beverly, Massachusetts, USA)
according to the manufacturer’s instructions.
Yeast two-hybrid (Y2H) analysis
Yeast two-hybrid analysis was conducted using the Match-
maker GAL4 Two-hybrid system 3 Analysis kit (Takara BioEurope/Clontech, Saint-Germain-en-Laye, France) according
to the manufacturer’s instructions. All appropriate controls
were performed including positive and negative controls in-
cluding controls for unspecific interactions with other pro-
teins. We individually transformed all constructs into the
yeast strain AH109 and were able to demonstrate that the in-
dividual fusion proteins were not capable of activating the re-
porter genes on their own. Selection was made at various
levels of stringency as recommended by the supplier.
RNA isolation, cDNA amplification, and qRT-PCR analysis
RNA of theMagnaporthe oryzaewildtype strain and the mutant
DMoypd1 was isolated from mycelia of CM liquid cultures,
grown at 26 C and 120 rpm until the free glucose in the me-
dium was depleted. Isolation was conducted using a RNeasy
plant mini Kit (Quiagen GmbH, Hilden) following the manu-
facturer’s instructions for purification of total RNA from
plants and filamentous fungi. cDNA amplification and qRT-
PCR was performed using primers EF1a-RT-for/rev, ALB1-RT-
for/rev, BUF1-RT-for/rev or YPD-RT-for/rev, and the iScript
One-Step RT-PCR Kit with SYBR Green (Bio-Rad Laboratories
GmbH, M€unchen) following the manufacturer’s instructions.
We used the constitutive expressed fungal elongation factor
EF-1 alpha (MGG_03641.5) as reference-gene (house-keeping-
gene) for the relative quantification of the expression ratio.
Calculationswere based on the relative quantification calcula-
tion method of Pfaffl (2001).
Plant infections/pathogenicity assays with rice
The plant infection assays were carried out using 21 day old
plants of dwarf indica rice cultivar CO-39. Plants were culti-
vated using a daily cycle of 16 h light followed by 8 h darkness
(28 C, 90 % relative humidity). In planta growth was tested on
wounded rice leaves. Therefore mycelium was added on
wounded leaves on water agar and after 2e4 d at 28 C, the
leaves were observed. Leaves were carefully wounded with
fine sandpaper, granulation 240.
Results
Identification and sequence analysis of MoYpd1p and further
HOG components in Magnaporthe oryzae
The homologues genes of yeast HOG signalling pathway were
identified within the Magnaporthe oryzae genome and named
MoSln1p (MGG_07312; Zhang et al. 2010), MoHik1p
(MGG_11174; a second homologue to yeast Sln1p; Yoshimi
et al. 2005) and MoSsk1p (MGG_02897; Motoyama et al. 2008),
MoYpd1p (MGG_07173), MoSsk2p (MGG_00183), MoPbs2p
(MGG_10268) and MoHog1p (MGG_01822, Dixon et al. 1999).
We constructed gene deletionmutants for each of the compo-
nents thereby generating a set of mutant strains for studies
concerning the HOG pathway in M. oryzae.
The putative components of the HOG pathway inM. oryzae
were identified by comparison of their total amino acid se-
quences to their yeast homologues as well as calculations of
the conserved protein domains (Fig 1, Table 1).
Fig 1 e Schematic presentation of the protein domains of the ten hybrid histidine kinases in Magnaporthe oryzae. For each
protein the correlating gene name from the Magnaporthe comparative Database (Magnaporthe comparative Sequencing
Project, Broad Institute of Harvard and MIT (http://www.broadinstitute.org/), annotation M. oryzae 70e15 (MG8)) is shown in
brackets followed by the Protein length (aa). Specific conserved protein domains which were predicted using the CDD da-
tabase of NCBI (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgiand). The prediction of transmembrane helices was
performed using the TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/TMHMM-2.0/). HisKA[ histidine kinase domain,
REC [ regulatory domain, HATPase [ histidine-ATPase domain, HAMP [ HAMP domain, TM [ transmembrane domain.
584 S. Jacob et al.The signalling proteins MoSln1p and MoHik1p were found
to contain a HiskA (phosphoacceptor) domain (PF00512),
a HATPase histidine-like ATPase domain (PF02518) and
a REC signal receiver domain (PF00072). In addition MoHik1p
has five HAMP domains (PF00672). The prediction of trans-
membrane helices using TMHMM Server v. 2.0 reveals only
one transmembrane helix in the amino acid sequence of
MoSln1p, for the remaining protein sequences no transmem-
brane domains were calculated. MoYpd1p is a putative phos-
photransferase with a histidine-containing phosphotransfer
domain (PF01627). The predicted protein sequence consistsTable 1 e Proteins of Saccharomyces cerevisiae described as com
homologues in Magnaporthe oryzae. The MGG-numbers conne
Magnaporthe comparative Database (Magnaporthe comparative
(http://www.broadinstitute.org/), annotation M. oryzae 70e15 (
Saccharomyces genome database (SCD, http://www.yeastgenom
M. oryzae and S. cerevisiae is given by running ‘blastp suite’ (N
Magnaporthe oryzae protein (size, ID) Saccharom
MoSln1p (1201aa, MGG_07312)
MoHik1p (1307aa, MGG_11174)
MoYpd1p (136aa, MGG_07173)
MoSsk1p (833aa, MGG_02897)
MoSsk2p (1390aa, MGG_00183)
MoPbs2p (685aa, MGG_10268)
MoHog1p (357aa, MGG_01822)of 136 amino acids, whereas the database of the Broad Insti-
tute predicts a second possible protein sequence of 153 amino
acids. The longer predicted protein has an additional n-termi-
nal sequence that shows no similarity to n-terminal se-
quences of any ypd1-homologues. PCR analysis of cDNA
obtained that this n-terminal part most probably does not ex-
ist since we get no amplification with primers binding on this
part of the sequence. In order to monitor protein interaction
the Y2H-studies were carried out with the 136 amino acid-
version revealing that this one is functional. MoSsk1p con-
tains one REC signal receiver domain (PF00072) and isponents of the HOG signalling pathway and their putative
ct the sequence information and the gene name from the
Sequencing Project, Broad Institute of Harvard and MIT
MG8)). The YIL-numbers give the gene-identity on the
e.org/). Similarity between the protein sequences of
CBI, ‘scoring parameters’ with matrix ‘BLOSUM62’).
yces cerevisiae protein (size, ID) Similarity
Sln1p (1220aa, YIL147C) 1.6e-98
Sln1p (1220aa, YIL147C) 2e-18
Ypd1p (167aa, YDL235C) 6e-23
Ssk1p (712aa, YLR006C) 3e-55
Ssk2p (1579aa, YNR031C) 9e-154
Pbs2p (668aa, YJL128C) 5e-126
Hog1p (435aa, YLR113W) 1.6e-98
MoYPD1 in the HOG pathway of Magnaporthe oryzae 585a regulatory protein (response regulator) within the phosphor-
elay system of the HOG signalling pathway. The putative
phosphorelay system in M. oryzae appears to be composed of
the components MoSln1p, MoHik1p, MoYpd1p, and MoSsk1p.
For the downstream proteins MoSsk2p, MoPbs2p, and
MoHog1p it was found that their amino acid sequences con-
tain a single serine/threonine/tyrosine protein kinase domain
(PF00069, smart00220). These three proteins are part of the
MoHog1p MAPK system (Fig 1).MoYpd1p is required for conidiation, in planta growth and
melanin biosynthesis in Magnaporthe oryzae
In contrast to Saccharomyces cerevisiae, in which deletion of
YPD1 is lethal to the microorganism, we were able to success-
fully inactivate MoYPD1 in Magnaporthe oryzae. The generated
mutant strain DMoypd1 is viable but fails to form conidia on
standard medium (Fig S4) as well as on all tested media in
Fig 3 and Fig 4. In planta assays on wounded rice leaves
revealed the incapacity of DMoypd1 to grow within the plant
(Fig S8). The aerial mycelium of the DMoypd1mutant on stan-
dard media is white and fluffy (Fig 2). The albino phenotype
could also be observed in liquid cultures. In the complementa-
tionmutant DMoypd1/YPD1, pigmentation, conidiation (Fig S4)
as well as the ability to form functional appressoria were re-
stored. The expression level of the melanin biosynthesis
genes MoALB1 (MGG_07219.6) and MoBUF1 (MGG_02252.6)
was examined using qRT-PCR analysis. The amount of tran-
script of MoALB1 in the DMoypd1 mutant strain was much
lower than compared to the WT whereas the expression level
of MoBUF1 was not significantly affected (Fig S5).
It has been reported that application of scytalone to cul-
tures of the apathogenic albinomutantDMoalb1 complements
defects in melanin biosynthesis and restores pathogenicity
(Chumley & Valent 1990). However, application of scytalone
to culturemediumhad no effect on the phenotype of DMoypd,
the phenotype remained white and fluffy like previously
shown (see Fig 2).
It was found in qRT-PCR analysis that transcript levels for
the gene MoYPD1 in the complemented mutant strain
DMoypd1/YPD1 are lower compared to the WT, but signifi-
cantly higher compared to DMoypd1 (Fig S2).Fig 2 e Vegetative growth of the Magnaporthe oryzae wildtype s
mutant straın DMoypd1/YPD1. The fungal colonies were grownMoYpd1p is required for adaption to high osmolarity via the
HOG pathway in Magnaporthe oryzae
The ability of theWT and the gene deletionmutants to grow in
presence of several stress inducing ingredients was assayed.
The mutant strains DMosln1, DMohik1, DMoypd1, DMossk1,
DMossk2,DMopbs2, andDMohog1were found to be sensitive to-
wards high osmolarity in vegetative growth assays compared
to the WT (Figs 3 and 4). Sensitivity to osmotic stress was pre-
viously reported for DMosln1 (Zhang et al. 2010), DMohik1 and
DMossk1 (Motoyama et al. 2008) as well as for DMohog1
(Dixon et al. 1999). In addition to these findings, we observed
the same sensitivity towards salt stress (NaCl and KCl) for
the mutants DMopbs2, DMossk2 and for DMoypd1. The double
mutant DMohik1/Dsln1 was generated to get more insights
into the function of the sensor HKs and the mutant strain
DMohik1/Dsln1 was found to be more susceptible to NaCl,
KCl, and sorbitol compared to the single deletion mutants
DMosln1 and DMohik1 (Figs 3 and 4 and Table S3). This indi-
cates that both proteins together, MoSln1p and MoHik1p, are
required for appropriate detection of salt stress. The mutant
strain DMosln1 is only slightly influenced by high concentra-
tions of sorbitol in the medium whereas DMohik1 and all the
other mutants used in the assays were very sensitive (Figs 3
and 4). Consequently, MoSln1p might be a salt sensor protein
with minor functions in sensing sugar stress. In contrast,
MoHik1p appears to be a sugar sensor with a minor role in
sensing salt stress (Figs 3 and 4). The phenotype of the double
mutant DMohik1/Dypd1 was almost identical compared to the
DMoypd1 mutant under salt and sugar stress (Figs 3 and 4).
The mutant strains DMohik1, DMoypd1, DMossk1 and
DMopbs2 were very sensitive towards the hypoxia mimicking
agent cobalt chloride (1 mMCoCl2) whereas the othermutants
were not affected compared to the WT. The double mutant
DMohik1/Dsln1 appears to be affected by CoCl2 on MM, but
not on CM (Figs 3 and 4 and Table S3). Cobalt chloride was
used as a hypoxia-mimicking agent, since it is known to target
the sterol synthesis in the pathogenic fungus Cryptococcus neo-
formans (Lee et al. 2007). With the exception of DMohik1, all the
mutant strains are very sensitive towards hypoxia mimicking
NaNO2 (0.2MNaNO2 inMM respectively 0.1M in CM). NaNO2 is
reduced within the cell to NO and reactive nitrogen species
(RNS) have several targets within living cells which result intrain 70e15, the mutant DMoypd1 and the complemented
on complete medium (CM) for 10 d at 26 C.
Fig 3 e Vegetative growth of theMagnaporthe oryzaewildtype strain 70e15 and the mutants with inactivated components of
the HOG signalling cascade on complete medium. The fungal colonies were grown on complete medium (CM) and on CM
inclusive the stress inducing agents NaCl, KCl, sorbitol, CoCl2 or NaNO2 for 10 d at 26 C. Additionally the same assay was
carried out on CM for 10 d at 32 C.
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iron- and sulfur-centres of oxygen-dependent enzymes as
well as DNA, sulfhydryl-groups or lipids (De Groote & Fang
1995). Furthermore RNS were found to inhibit enzymes of
the respiratory chain (Joseph-Horne et al. 2001). This indicates
that parts of the HOG pathway are involved in oxygen sensing
or that additional components play a role in this pathway.
The data of MM culture showed that most mutants were
not so sensitive to the mild heat stress condition (Figs 3 and
4). Reintegration of the gene MoYPD1 into the genome of the
mutant strain DMoypd1 rescued phenotypic effects concern-
ing vegetative growth under the different stresses (Figs 3
and 4).
Fungicide resistance of DMoypd1 towards fludioxonil
In order to demonstrate that MoYpd1p functions in the phos-
phorelay system of the HOG pathway we decided to test sen-
sitivity of DMoypd1 to the fungicide fludioxonil which has
previously been shown to activate the HOG signalling cascade
by inhibition of the group III HK MoHik1p (Motoyama et al.
2005a). Application of fludioxonil resulted in a hyperactivationof the pathway and the phosphorylation of the MAPK
MoHog1p (Motoyama et al. 2005b). All mutant strains with
inactivated components of the osmoregulatory pathway
(DMohik1, DMoypd1, DMossk1, DMossk2, DMopbs2, and DMo-
hog1) are resistant towards fludioxonil and the resistance of
DMoypd1 to fludioxonil strongly implicates MoYpd1p as medi-
ator of HOG signalling and consequently, fungicide action
(Fig 5 and Table S2). Complementation of DMoypd1 with
MoYPD1 leads to a higher sensitivity ofDMoypd1/YPD1 towards
the fungicide compared to the HOG-mutants, but the sensitiv-
ity is not completely restored compared to the WT. Interest-
ingly, the mutant strain DMosln1 is not resistant towards the
antifungal compound (Fig 5 and Table S2).
MoYpd1p is essential for MoHog1p-phosphorylation by
fludioxonil and osmotic stress
The osmosensitive and fludioxonil resistant mutant strain
DMoypd1 was further examined by western analysis to detect
phosphorylation signals of MoHog1p. Activating by phosphor-
ylation of the MoHog1p MAPK inMagnaporthe oryzae is detect-
able using western blot analysis with a Phospho-p38 MAPK
Fig 4 e Vegetative growth of theMagnaporthe oryzaewildtype strain 70e15 and the mutants with inactivated components of
the HOG signalling cascade on minimal medium. The fungal colonies were grown on minimal medium (MM) and on MM
inclusive the stress inducing agents NaCl, KCl, sorbitol, CoCl2 or NaNO2 for 10 d at 26 C. Additionally the same assay was
carried out on MM for 10 d at 32 C.
Fig 5 e Vegetative growth of theMagnaporthe oryzaewildtype strain 70e15 and mutants with inactivated components of the
HOG signalling cascade under fludioxonil-treatment. The fungal colonies were grown on complete medium (CM), on CM
inclusive 5 mg mlL1 fludioxonil (CMD5 mg mlL1 fludioxonil), on minimal medium (MM) or on MM inclusive 5 mg mlL1 flu-
dioxonil for 7 d at 26 C.
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Signaling Technology, Beverly, Massachusetts, USA). We ob-
served distinct phosphorylation signals of MoHog1p in the
WT treated with 10 mg ml1 fludioxonil, 0.5 M NaCl or 1.0 M
sorbitol. In contrast, application of the stress inducing com-
pounds to the mutant strain DMoypd1 did not show these sig-
nals (Fig 6). Further tests with additional HOG-pathway
mutants DMossk1, DMossk2, DMopbs2, and DMohog1 did not re-
sult in MoHog1p phosphorylation under identical conditions
(Fig S6 and Fig S7). Therefore this provides further proof that
MoYpd1p is part of the HOG signalling pathway which is re-
quired for the reaction to fludioxonil, salt stress, and high
osmolarity.
Further investigation with the mutant strains DMosln1,
DMohik1, and the double mutant DMohik1/Dsln1 revealed in-
teresting results concerning signal sensing in the phosphore-
lay system of M. oryzae. Application of fludioxonil resulted in
a phosphorylation signal of MoHog1p within the WT and in
the mutant strain DMosln1 but not in the remaining mutant
strains DMohik1, DMohik1/Dsln1, DMoypd1, DMossk1, DMossk2,
DMopbs2, and DMohog1 (Fig S7). Otherwise, salt stress
resulted in MoHog1p-phosphorylation within the WT as
well as in the mutants DMosln1, DMohik1 and DMohik1/Dsln1
but not in DMoypd1, DMossk1, DMossk2, DMopbs2, and DMo-
hog1 (Fig S6). That suggests that both HKs (MoSln1p and
MoHik1p) are involved in the response towards salt stress
due to activation of the MAPK cascade and phosphorylation
of MoHog1p but only MoHik1p is involved in the mode of ac-
tion of fludioxonil.
Western analysis of the complemented strain DMoypd1/
YPD1 supported the findings, that MoYpd1p is essential for
the hyperactivation of the HOG pathway upon exposure of
the fungus to fludioxonil. After reintegration of the gene
MoYPD1 we observed signals in the samples of DMoypd1/YPD1
precipitated through sorbitol and NaCl, which were compara-
ble to the signals in the samples of the WT. Distinct phosphor-
ylation signals ofMoHog1p after application of fludioxonilwere
detected in samples of DMoypd1/YPD1, but these signals were
found to be weaker compared to the WT (Fig S3).Fig 6 e Phosphorylation of the MoHog1 MAPK in the Magnaport
Mycelia of strain M. oryzae 70e15 and the mutant DMoypd1 we
perimental procedures. Incubation in CM was used as negative
mutant DMoYPD1were incubated in CMwith 10 mg mlL1 fludiox
room temperature. M is a biotinylated protein ladder (Cell Signa
was detected using an anti-Hog1p antibody (Santa Cruz BiotechMoYpd1p interacts with components in the phosphorelay
system of the HOG pathway in Magnaporthe oryzae
In vivo Y2H analyses were conducted by expression of
MoYpd1p, MoSln1p, MoHik1p, and MoSsk1p in S. cerevisiae us-
ing the Matchmaker GAL4 Two-hybrid system 3 Analysis kit
(Takara Bio Europe/Clontech, Saint-Germain-en-Laye,
France). The coding sequences of the proteins or the con-
served protein domains were amplified from cDNA respec-
tively gDNA by means of PCR and cloned into the yeast
expression vector pGBKT7 (‘bait’, fusion with Gal4p-DNA-
binding domain) and pGADT7 (‘prey’, fusion with Gal4p-
activation domain). All of the gene products (MoYpd1p,
MoSln1p, and MoSsk1p) except for MoHik1p (no ‘prey’-vector
in pGADT7 could be generated) were used as ‘bait’ as well as
‘prey’ to reduce false positive results.
This analysis provided evidence for the following interac-
tions: MoYpd1p interacts with MoSsk1p, MoHik1p, and
MoSln1p. The MoSsk1pþMoYpd1p as well as the
MoHik1pþMoSln1p interaction was comparable to that of
the positive control (Fig 7). A significant difference in the
strength of the interaction between MoSsk1pþMoYpd1p and
MoHik1pþMoSln1p was not observed. The
MoSln1pþMoYpd1p as well as the MoHik1pþMoYpd1p inter-
action was comparatively weak, but there was definitely a dis-
tinct interaction in contrast to the negative control (Fig 7). The
results were identical for each experiment with the proteins
used as bait or as prey. No interaction for MoSln1p with
MoSsk1p, as well as for MoHik1p with MoSsk1p was observed
(data not shown). Consequently, the putative phosphotrans-
fer protein MoYpd1p appears to be a central component in
the phosphorelay system of the HOG signalling pathway in
M. oryzae.Discussion
In this study, the HOG pathwaye especially the role of the his-
tidine phosphotransfer protein MoYpd1p within thehe oryzae wildtype strain and in the mutant strain DMoypd1.
re used to conduct a western analysis as described in ex-
control (K-). The wild-type strain M. oryzae 70e15 and the
onil and in CMwith 0.5 M NaCl or 1.0 M sorbitol for 10 min at
ling Technology, Beverly, Massachusetts, USA). Total Hog1p
nology).
Fig 7 e Yeast two-hybrid analysis of Magnaporthe oryzae MoSln1pDMoYpd1p, MoSsk1pDMoYpd1p, MoHik1pDMoYpd1p,
and MoHik1pDMoSln1p interactions. Dilutions of S. cerevisiae transformants carrying the vectors capable of expressing the
indicated fusions to the DNA binding domain (bait) or the activation domain (prey) of Gal4p were plated in 20 ml spots onto
recommended selection plates (SD without His, Leu, Trp). The MoSsk1pDMoYpd1p and MoHik1pDMoSln1p interaction were
as strong as that of the positive control (p53DSV40 T-antigen). The MoSln1pDMoYpd1p and MoHik1pDMoYpd1p interaction
was weaker. The LamCDSV40 T-antigen proteins serve as a negative control.
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a sophisticated multicomponent signalling system. A previ-
ously unknown homologue to the yeast phosphotransfer
protein-encoding sequence YPD1 was identified in the
M. oryzae genome and its function was characterized. In con-
trast to S. cerevisiae, gene deletion of MoYPD1 did not result in
a lethal phenotype inM. oryzae. InA. nidulans ypdA and inNeu-
rospora crassa hpt-1 were also published as essential genes
(Banno et al. 2007; Vargas-Perez et al. 2007). In Schizosaccaromy-
ces pombe, deletion of the YPD1 orthologuewas found not to be
lethal but responsible for constitutive Hog1p phosphorylation
(Nguyen et al. 2000).
Thus, MoYpd1p seems not to be the sole protein responsi-
ble for phosphotransfer to the response regulator MoSsk1p
even though we didn’t find additional phosphotransfer
protein-encoding sequences within the Magnaporthe genome.
MoSsk1p may integrate multiple input signals from different
sensor and or signalling proteins to control the MAPK cascade
down to MoHog1p. The protein interactions of this putative
phosphotransfer protein MoYpd1p in the phosphorelay sys-
tem of the HOG pathway in M. oryzae was validated (Fig 7).
The strain DMoypd1 has a white and fluffy phenotype (Fig 2),
fails to form conidia (Fig S4) and therefore the mutant is not
able to infect rice plants due to appressoriummediated pene-
tration of the cuticula. Additional in planta assays with myce-
lium as inoculum on wounded rice leaves obtained the
inability of the DMoypd1 mutant to grow within the host(Fig S8). InM. oryzae conidiation is a key process in the disease
cycle as the asexual conidia of this species are the primary
means by which the disease is spread. Conidia and hence ap-
pressoria are essential for the fungus to attach to the plant
surface and penetrate the plant cuticle (Lee & Dean 1993;
Wilson & Talbot 2009). Genome wide functional analysis of
homeobox type transcription factor-encoding genes in
M. oryzae has revealed that MoHOX2 is required for conidia-
tion. Mutants lacking the gene MoHOX2 formed aerial myce-
lium with conidiophores but no conidia (Kim et al. 2009).
There were many reports about mutants in which conidiation
is impaired, like the DMosnf1, DMomps1, DMost20, DMochm1,
DMompg1, and DMotps1 mutants. They were reported to
show a significant reduction in conidiation (Xu et al. 1998;
Soanes et al. 2002; Foster et al. 2003; Lei et al. 2004; Yi et al.
2008). In the case ofMoSNF1 andMoMPS1, encoding protein ki-
nases required for virulence, these observations suggest that
signal transduction pathways controlling conidiation might
share these componentswith some of the signalling pathways
involved in appressorium formation. MoTPS1 (encoding
trehalose-6- phosphate synthase) is a central regulator of
the transition from appressorium development to infectious
hyphal growth.MoTps1 controls among others the GATA tran-
scription factor MoASD4 which is a positive regulator of ap-
pressorium development and sporulation (Fernandez &
Wilson 2011). The hydrophobin-encoding gene MoMPG1 is
highly expressed during the initial stages of host plant
590 S. Jacob et al.infection (Soanes et al. 2002). Furthermore, the regulator of G-
protein dependent signalling MoRgs1p was shown to nega-
tively regulate conidiation via the Ga-subunit MoMagBp (Liu
et al. 2007).
With the exception ofDMohik1, the conidiation of eachmu-
tant strain with inactivated HOG signalling was distinctly re-
duced (Fig S4). These results indicate the HOG signalling
pathway or single components of the pathway play a role con-
trolling conidiation mechanisms.
The first steps of melanin biosynthesis could be affected
within the mutant strain DMoypd1 since we observed an al-
bino phenotype on plate culture as well as in liquid culture.
The transcript level of the polyketide synthase gene MoALB1
was decreased in DMoypd1 (Fig S5). Additional mutant strains
with inactivated HOG-signalling were not found to be im-
paired in melanin biosynthesis (data not shown). The previ-
ously reported enhanced hyphal melanization of DMossk1
(Motoyama et al. 2008) could be confirmed but for the other
HOG-mutants we did not see this effect (data not shown).
The expression level of the trihydroxynaphthalene reduc-
tase gene MoBUF1, whose gene product is downstream of
MoAlb1p in the biosynthetic pathway of melanin, was not af-
fected in DMoypd1. In the complementation mutant we could
not found as high expression levels of these genes compared
to the WT strain, but compared to the mutant DMoypd1 we
can assume that it is a significantly restoration of the expres-
sion patterns due to reintegration ofMoYPD1 into the genome
of DMoypd1 (Fig S5). The phosphorylation signals in western
blot analysis confirmed this hypothesis (Fig S3). However,
Moypd1p might be somehow involved in the melanin
biosynthesis.
Previously studies revealed that the application of scyt-
alone to the apathogenic albino mutant DMoalb1 comple-
mented such defects in the melanin biosynthesis and
restored pathogenicity (Chumley & Valent 1990). Application
of scytalone in the culture medium of DMoypd1 does not res-
cue theWT phenotype (data not shown) and since the mutant
fails to produce spores, appressorium formation assays could
not be conducted. Thus, we have been unable to analyse
whether the melanin layer in the appressorium cell wall
would be restored through the application of scytalone. In-
volvement of phosphorelay systems in the melanin biosyn-
thesis of Cryptococcus neoformans is also documented (Bahn
et al. 2006). Three upstream components of theMAPK cascade,
Skn7p, Ssk1p, and Tcs1p (group III HK) are negative regulators
of melanin formation in C. neoformans. Since in our model of
the phosphorelay system in M. oryzae MoYpd1p is a central
component and responsible for phosphate transfer between
MoSln1p, MoHik1p, and MoSsk1p, it appears reasonable that
inactivation of MoYpd1p could result in a melanin-deficient
mutant strain.
The crucial function of MoYpd1p in the phosphorelay sys-
tem of the HOG signalling pathway was investigated with as-
says for fungicide resistance (Fig 5; Table S2) and
osmosensitivity (Figs 3 and 4; Table S3), western analysis
(Fig 6; Figure S3 and Figure S6eS7) and Y2H experiments
(Fig 7). It was previously reported that mutant strains DMohik1
and DMossk1 are resistant towards fludioxonil (Yoshimi et al.
2005; Motoyama et al. 2005a). Our study supported previous
findings that fludioxonil acts on the HOG signalling pathwaysince DMoypd1 and all the generated mutant strains (DMohik1,
DMossk1, DMossk2, DMopbs2, and DMohog1) with inactivated
osmoregulation pathway (except for DMosln1) are resistant
(Fig 5; Table S2). This matches previously described studies
in which fludioxonil was assumed to affect the group III HK di-
rectly or even in addition the phosphate-relaying interactions
of group III HK with other factors, i.e. phosphotransfer pro-
teins and response regulators (Tanaka & Izumitsu 2010). Flu-
dioxonil is believed to bind MoHik1p, and interactions of
MoHik1pþMoSln1p and MoHik1pþMoYpd1p lead subse-
quently to strong interferences of the phosphorylation pat-
terns. Based on the observed interaction of
MoHik1pþMoSln1p, inhibition of MoHik1p through fludioxo-
nil could subsequently inhibit MoSln1p and therefore the
phosphorelay system should be strong affected. As a conse-
quence MoSsk1p is dephosphorylated and therefore hyperac-
tivation of MoHog1p causes cell death.
An additional hypothesis is that MoHik1p can have in addi-
tion to its kinase activity a phosphatase activity. That’s shown
for some HKs of bacteria (Tomenus et al. 2005). Fludioxonil
may reduce the kinase activity and therefore an enhanced
phosphatase activity results in dephosphorylation reactions
in the system. The DMosln1 mutant is not resistant because
fludioxonil can still interfere with MoHik1p and disturb the
phosphorelay system. The complementation mutant
DMoypd1/YPD1 is not exactly as sensitive towards the fungi-
cide as the WT. The fact that we monitored in the qRT-PCR
analysis only about 60 % of the MoYPD1 expression level in
the mutant DMoypd1/YPD1 compared to the WT could explain
this observation. The amount of functional expressed
MoYpd1p appears to be essential for maximum fungicide ac-
tion of fludioxonil. In case the protein amount of MoYpd1p
within the cell is reduced, no complete interference of the
phosphorelay system takes place and MoSsk1p is still
phosphorylated.
The difference between the mode of action of fludioxonil
and the gene disruption of MoHIK1 can be explained as fol-
lows. In case of a single inactivation of the target protein
MoHik1p due to gene disruption, the resulting mutant strain
is viable because the phosphorylation pattern of MoSsk1p
can be maintained by MoSln1p and MoYpd1p or even by un-
known factors (Fig 8).
Western analysis of phosphorylated MoHog1p revealed
that in absence of MoYpd1p the HOG pathway was not acti-
vated by fludioxonil or high osmolarity and salt stress (Fig 6
and Fig S3). The same results were observed for the mutant
strains without the signalling components MoSsk1p,
MoSsk2p, MoPbs2p, and for MoHog1p (Fig S6 and Fig S7).
MoYpd1p therefore is indispensable for the signal-
transduction in response to high osmolarity or fungicide ac-
tion. Furthermore it can be assumed that at least both HKs to-
gether, MoSln1p, and MoHik1p, are involved in the response
towards salt stress due to activation of the MAPK cascade
but only one of the HKs (MoHik1p) is the target protein of flu-
dioxonil (Fig 5 and Table S2). With the Y2H studies protein in-
teractions of MoYpd1p in the phosphorelay system of
M. oryzae were confirmed. Significant interactions were ob-
served between MoYpd1p and MoSsk1p, MoYpd1p, and
MoSln1p as well as for MoYpd1p and MoHik1p (Fig 7) and
these findings were summarized in a first model of the
Fig 9 e Schematic representation of the Magnaporthe oryzae HOG signalling cascade. The two-component hybrid histidine
kinases (MoSln1p and MoHik1p) function as signal sensors for high osmolarity and the phosphotransferase MoYpd1p me-
diates the phosphate transfer to MoSsk1p. The phosphorelay system MoSln1p-MoHik1p-MoYpd1p-MoSsk1p is phosphor-
ylated under normal environmental conditions and the MAPK cascade MoSsk2p-MoPbs2p-MoHog1p is inactive. High
osmolarity, salt stress, and fludioxonil treatment results in dephosphorylation of the signalling components leading to
dephosphorylation of MoSsk1p.Therefore, the MAPK cascade MoSsk2p-MoPbs2p-MoHog1p is activated.
Fig 8 e Comparison of the signal transduction in the Magnaporthe oryzae HOG signalling cascade in the mutant strain
DMohik1 and in the WT after application of fludioxonil. After a single disruption of MoHik1p the phosphorylation pattern of
MoYpd1p and MoSsk1p can be partly rescued by MoSln1p. The response regulator MoSsk1p is phosphorylated under normal
environmental conditions and the MAPK cascade MoSsk2p-MoPbs2p-MoHog1p is inactive. Fludioxonil treatment leads to
inhibition of MoHik1p and a subsequent dephosphorylation of all the signalling components of the phosphorelay system
results in a complete dephosphorylation of MoSsk1p. Therefore, the MAPK cascade MoSsk2p-MoPbs2p-MoHog1p is hyper-
activated and that results in lethality.
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592 S. Jacob et al.phosphorelay system in the HOG signalling pathway in
M. oryzae (Fig 9).
As a result that we were able to generate viable double mu-
tant strains DMohik1/Dypd1 and DMohik1/Dsln1, it appears
more components are likely to be involved in the phosphore-
lay system of the HOG pathway in M. oryzae.Acknowledgements
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